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Abstract 
This study focuses on a new planning method for fixture conditions of workpiece in the continuous multi-axis controlled machining 
process. Generally, the motion of translational axes on machine tools with a trunnion table is significantly effected by the machine 
tool structure, tool posture in CL data, and position/posture of the workpiece on the trunnion table. In some cases, rapid changes in 
the tool posture at cutter locations away from the center of the rotational axis, significantly shifts the translational axes. However, in 
conventional CAM schemes, tool posture changes in CL data are determined without considering the machine tool structure and 
fixture conditions. And, a planning method for determining the fixture conditions, which prevent the rapid motion of translational 
axes and reduce the energy consumption for planned CL data by CAM systems, has not yet been proposed. 
 In this paper, we therefore propose a new planning method for determining the workpiece position and posture on the trunnion 
table of a multi-axis-controlled machine tool. The proposed method consists of two different steps. In the first step, a large number 
of potential fixture conditions are assumed automatically. Second, the distribution of features about the movement on translation 
axes is estimated by coordinate transformation and collision detection. To deal with a large number of potential fixture conditions 
and significantly reduce the computation time for repetition of post processing, an ultra parallel computing technology known as 
GPGPU is introduced into the planning algorithms. The developed system can estimate the total energy consumption on the 
translational axes and the total machining time for each potential workpiece fixture. Therefore, the developed system can assist an 
NC operator to select optimum fixture conditions in a short time. 
 
© 2012 Published by Elsevier BV. Selection and/or peer-review under responsibility of Prof. Konrad Wegener 
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Nomenclature 
 
Ci Cutter location in CL data  
(și, ĳi)  Angle of rotational axes at Ci 
(d,Ȧ) Workpiece posture on machine table 
E Total energy consumption for translational axes 
(xm,i,ym,i,zm,i) Position of translation axes at ith cutter 
location in machine tool coordinate system 
1. Introduction  
In a high-speed machining process with continuous 
multi-axis control, it is important problem to maintain 
the dynamic synchronous accuracy of the translational 
and rotational axes [1]. In conventional CAM procedures 
[2], the cutter location and tool posture are determined 
only on the basis of the relative tool posture in the 
workpiece coordinate system on the workpiece surface, 
as illustrated in Fig. 1. The fixture condition pertaining 
to the position and posture of workpieces on machine 
tables is generally determined before the post process, 
and its criteria depend on the experience and knowledge 
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of the NC operator. Next, the position of the 
translational axes and angle of rotational axes are 
calculated by the post processer. In this procedure, it is 
difficult to consider the effect of the machine tool 
structure and the fixture condition on the motion of the 
machine tool axes. Fig. 2 shows an example of the effect 
of the machine tool structure and the fixture condition. 
In a trunnion stage, a rapid change in the relative posture 
generally produces strong oscillations in both the 
translational axes and cutting tool. In addition, the 
movement on the translational axes depends on the 
fixture conditions of workpieces on the machine table. In 
such cases, machine tools often cannot follow the NC 
program, and the actual feed rate of the cutting tool is 
drastically decreased to maintain the dynamic 
synchronous accuracy. Moreover, the rapid motion of 
the translational axes due to strong vibration increases 
the energy consumption of machine tools.  
 
 
Fig. 1. Relation between machine tool axes and workpiece coordinate 
system in the main processor during CAM scheme 
 
 
 
Fig. 2. Example of the influence of fixture conditions and structure of 
machine tool on the motion of continuous multi-axis controlled 
machining 
To solve these problems, we propose a new method 
for planning the condition of workpiece fixtures on 
machine tables. The newly proposed method is designed 
to visualize difference the following distances in the  
motion of the translational axes for a large number of 
fixture condition candidates: 1. total machining time 
considering the maximum feed rate on the translational 
axes and  2. total energy consumption on the 
translational axes. In the proposed method, these fixture 
condition candidates are automatically assumed. Then, 
the coordinates of the translational axes are calculated 
for each candidate using coordinate transformations, 
which correspond to the post process. From the 
calculated coordinates of translational axes, the 
differences in the total travel distance, total machining 
time, and total energy consumption for each fixture 
candidate are estimated. By comparing the differences 
between the assumed candidates, NC operators can 
determine the optimized condition of workpiece fixtures. 
To realize these planning processes rapidly, a new 
technology is required to perform several coordinate 
transformations. Therefore in the following sections, we 
discuss effective ideas and algorithms for coordinate 
transformations to compare and identify fixture 
conditions in the machine tool coordinate system. 
2. Assumption and estimation process of workpiece 
fixture conditions  
2.1. Settings of fixture conditions relative to position and 
posture of workpiece on machine tool structure 
In the first step of the proposed planning procedure, 
the candidates of fixture conditions are automatically  
assumed. Fig. 3 shows the definition of the fixture 
condition. In this assumption, the position and posture of 
the workpiece on the machine table are defined by two 
different values: d indicates the distance between the 
center of the rotary axis (C axis) and the origin of the 
workpiece coordinate system, and Ȧ is the angle 
between the X axis on the machine table coordinate 
system and the X axis on the workpiece coordinate 
system. When the cutter location Ci and tool posture on 
the workpiece coordinate system (și,ĳi) are used to 
determine the former step in the main processor, the 
position of the translational axes can be calculated. In 
this study, the positions of the translational axes for all 
candidate conditions are illustrated on each cutter 
location as a color image. Fig. 4 presents a concept of 
the Fixture effect Map (F-Map) [3], which is  defined by 
a 2-dimensional, rectangular coordinates system. The 
vertical and horizontal axes correspond to the distance d  
and the angle Ȧ, respectively. The colors of the F-Map 
illustrate the machining state of the fixture condition, 
which corresponds to the position on the F-Map images. 
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The state consists of the following two types of 
information:  
(a) The existence of collisions between workpieces, 
fixture instruments and machine tools in the fixture 
position using their positions on the F-Map image. 
(b) Posted positions of the three translation axes 
assuming the fixture conditions on the machine table. 
By referring to the F-Map image for all cutter 
locations, the motion of the translation axes on each 
assumed fixture candidate can be considered before  
determining fixture conditions. 
2.2. Parallel processing of coordinate transformations 
with GPGPU technology 
To estimate the F-Map information at small regular 
intervals in each dimension, a large number of 
coordinate transformations are required. Therefore, in 
this study, we introduce a new calculation technology 
for parallel processing, known as GPGPU. Graphics 
Processing Unit (GPU) is a parallel processor designed 
to render 3-dimensional computer graphics and has 
recently shown remarkable progress. It is expected that 
the introduction of GPU functions will lead to significant 
reductions in calculation times. 
Eqs 1 and 2 are transformations of cutting tool 
coordinates for machine coordinate systems (xm,ym,zm), 
table coordinate systems (xt,yt,zt) and workpiece 
coordinate systems (xw,yw,zw). Because the position of 
translation axes on machine tools are equivalent to the 
value of coordinates m, the positions of translation axes 
(xm,ym,zm) can be obtained by Eq. 6 in the transformation 
formula. In this equation, the angle of the tool posture on 
workpiece coordinate system (și,ĳi) has the value same 
as that at the ith cutter location. On the other hand, the 
fixture position d and the posture Ȧ do not change 
during machining process. Therefore, in a developed 
calculation algorithm for parallel processing, which is  
based on GPGPU technology, the process for the 
coordinate transformation involves two steps to reduce 
the calculation time. 
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Fig. 3. Fixture condition achieved automatically with the proposed 
estimation method 
 
Fig. 4. Fixture Map (F-Map) showing the position of the translational 
axes calculated post process and collision detection 
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In the first step of the coordinate transformation, 
matrix Ei is calculated from ĳi and și. This calculation is 
repeated for each cutter location and the calculated 
results of Ei are stored into the local shared memory on 
the GPU. In the second step, matrix P is calculated from 
d and Ȧ for each fixture condition candidate on the F-
Map with parallel processing on GPU functions. By 
applying this divided algorithm, the GPU can refer to the 
stored results of Ei on the fast local memory, and it can 
prevent the repetition of trigonometric functions, which 
require high calculation costs. 
 
2.3. Estimation of total machining time from a set of 
estimated F-Map information considering the allowed 
maximum velocity on translational axes 
The color of the estimated F-Map information 
indicates only the position of the translational axes at 
one cutter location. To compare the motion of the 
translational axes for fixture condition candidates, an 
estimation method for the machine tool motion is 
required. Therefore, this study introduces two different 
assumptions to estimate total machining time and energy 
consumption for servo motor driving on each axis. 
In the introduced procedure for the estimation of the 
maximum velocity, an ideal time is assumed by Eq. 7 
when the cutting tool crosses the ith cutter location ti.  
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In the equation, Fw,i is the feed rate of the cutting tool 
between the ith and the i-1th cutter locations on the 
workpiece coordinate system, and (xw,i,yw,i,zw,i) are 
coordinates of the ith cutter location on the workpiece 
coordinate system. From these assumptions, ti can be 
regarded as the time, for which the conventional CAM 
system is designed without considering the delay due to  
synchronous problems on the machine tool. On the other 
hand, from the rendering process of F-Map images, the 
position of each translation axis on the machine tool 
coordinate system (xm,i,ym,i,zm,i) can be obtained. Then, in 
order to estimate the “actual“ velocity of the 
translational axis on the machine tool coordinate system, 
this study introduces a simple interpolation with a 
quadratic equation, as shown in Fig 5. By applying the 
interpolation from these adjacent three positions (ti-1,xm,i-
1), (ti,xm,i) and (ti+1,xm,i+1), the velocity vx,i of the 
translational axis at ti can be estimated with Eq. 8. 
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In multi-axis controlled machine tool, in order to 
maintain the synchronous accuracy, the maximum feed 
rate of the cutting tool is generally limited. However, as 
mentioned above, the actual velocity of the translational 
axes increased due to the effect of the fixture condition 
of the workpiece on the machine table. Therefore, when 
the calculated feed rate of the cutting tool on the 
machine coordinate system Fm,i is greater than the 
maximum permissible feed rate of the translational axes 
Fmax, an actual feed rate is generally changed by the NC 
controller, as shown in Fig. 6. To estimate this effect of 
the fixture condition, this study introduces a simple 
approximated model based on numerical integration. In 
the introduced method, an actual machining time ta,i at 
the ith cutter location is calculated using the numerical 
integration in Eq. 10. This estimation process is 
performed for each candidate of the fixture conditions 
with parallel processing on the GPU hardware, and the 
NC operator can compare the effect of the fixture 
condition on the total machining time in a short time. 
 
 
Fig. 5. Estimation of velocity vx,i on the translational axis of the 
machine tool by interpolation using quadratic equation 
 
Fig. 6. Estimation of the total machining time with numerical 
integration based on simple clamp model in the NC controller 
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2.4. Estimation of the total energy consumption based on 
the evaluated F-Map information and actual machining 
time 
In this study, we assumed that the total energy 
consumption for the translational axes can be estimated 
only from the acceleration of the machine table and the 
fixture apparatus. In this assumption, the effect of 
friction between guide rails and ball guides was ignored. 
To estimate the consumed energy for the movement of 
machine table, an accurate acceleration rate is required 
for each cutting point. To estimate “actual“ acceleration 
rate, we introduce another assumption based on 
aforementioned total machining time. 
From the set of estimated actual machining times ta,i, 
the “actual“ acceleration rate between the i - 1th and the 
i + 1 th cutter locations (a'x,i, a'y,i, a'z,i) can be obtained 
using Eq. 11. From the introduced assumptions on the 
acceleration and friction force, the total energy 
consumption is also estimated using Eq. 12. In this 
equation, Mx and My refer to the weight of the machine 
table on the X and Y axes. Mz refers to the weight of the 
spindle unit on the Z axis. Because the actual machining 
time ta,i for each cutter location is estimated  considering 
the influence of the fixture conditions and machine tool 
structure, the difference in the total energy consumption 
for candidates of fixture conditions can be illustrated 
using various colors on the F-Map image. 
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3. Verification of the proposed estimation method 
To verify the proposed estimation method, we 
developed a prototype system. It is based on the CUDA 
library that calculates the coordinate transformations and 
estimates the motion of the translational axes using 
parallel processing. In the verification test, it is assumed 
that a small ball end mill fabricates sump as illustrated in 
Fig. 7. The sump shape comprises curved surfaces, and 
the surface is approximated by 6170 polygons. The path 
of the end mill is equivalent to that of the contour-
milling process, and it consists of 29,320 cutter 
locations. 
We executed the verification test on a Windows PC 
with a 2.6 GHz Intel i7 Processor 2.6 GHz CPU, 12 GB  
RAM, and NVIDIA GeForceGTX 580 772MHz GPU 
with 1536 MB video memory. 
Fig. 8 is a sample of the estimated results obtained 
from F-Map images. These images illustrate the 
distribution of the total machining time and the 
estimated energy consumption on the translational axes. 
The results show that the machining time and energy 
consumption are affected by the distance from the center 
of the rotational table when the workpiece is small. The  
difference in the tool movement in the X/Y plane, which 
changed with the workpiece posture on the machine 
table, significantly affects the total energy consumption.  
In this verification process, the prototype system can 
estimate the movement of the translational axes for a 
large number of candidates in a short time. In this 
estimation process, candidates of the fixture condition 
are arranged at an interval of 1.4° on the horizontal axis 
(0.0°–360.0°) as the workpiece posture,  and at an 
interval of 0.6 mm on the vertical axis (0.0–150.0 mm) 
as the workpiece position. The system can estimate the 
total fixture conditions of 62,500 candidates within 
1,820 ms and determine the optimal position and posture 
of the workpiece on the machine table. 
Table 1. Experimental conditions of the verification process 
Machining condition  
Feed rate of the cutting tool in the 
workpiece coordinate system Fw 
2000 
mm/min 
Maximum feed rate of the 
translational axes in the machine 
tool Fmax 
20,000 
mm/min 
Table height from the center of B 
axis r 
70.0 mm 
Workpiece holder height from the 
machine table h 
85.0 mm 
Weight of machine table Mx,My,Mz 100 kg,200 
kg,30 kg 
Total number of fixture candidates 62,500 
pattern 
Number of cutter location 29,320 point 
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Fig. 7. Shape of the sump part and cutter locations of the contour 
milling process  
 
(a) Distribution of the estimated total machining time considering the 
maximum permissible feed rate  
 
 (b) Distribution of the total consumption of driving energy E for the 
translational axes on the machine tool  
Fig. 8. Influence of workpiece fixture conditions on the motion of the 
translational axes on a multi-axis controlled machine tool  
4. Conclusions 
In this paper, we propose a new method for using 
GPU functions to estimate the optimal fixture condition 
for continuous 5-axis-control machining. The proposed 
method is designed to consider both the configuration of 
the machine tool structure and the workpiece fixture, and 
it can estimate the motion of the translational axes of the 
cutting tool. We explain the details of the proposed 
algorithms that apply GPU functions to the coordinate 
transformation and estimation of the actual motion of the 
translational axes and total energy consumption. 
Furthermore, we developed a prototype estimation 
system for the machine tool structure with the trunnion 
table. Our results confirm that the proposed method can 
estimate the influence of fixture conditions on the 
translational axes of machine tools, and it can find the 
optimal fixture condition of workpieces, which have 
minimum machining time in a short time. 
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